A high frequency model of a photovoltaic (PV) plant is developed and analysed to investigate the common mode (CM) currents circulating through the ground connections of the plant. The modelling method is based on the measurement of the impedance frequency response of photovoltaic module and on a high frequency representation of the power conversion unit. An overall lumped parameters circuit model is obtained and then implemented in PSpice. The CM leakage currents are evaluated by simulation.
Introduction
In a photovoltaic plant, the power conversion unit (PCU) plays a key role, it achieves the tracking of the maximum power coming from the source and converts the available energy in a suitable form to be injected into the grid or to be utilized by the customer.
Several efforts have been made to set up Maximum Point Tracking (MPPT) algorithms [1] , new power electronic devices and topologies [2] [3] [4] [5] [6] .
On the other hand, the high speed commutation of power devices used in inverters for power conversion is responsible for very rapid voltages and currents transitions that lead to several serious problems such as conducted and radiated electromagnetic interference (EMI). Among the other possible adverse phenomena, there are overvoltages occurring at the inverter terminals when long cable configurations are used. One of the most critical disturbance is the common mode (CM) current, known also as "leakage current" or "ground current". In a PV plant it can flow in a path formed by the source, the connection DC cables, the power converter and the grid by capacitive parasitic coupling with the ground connection.
This current is responsible for electromagnetic interference (EMI) with other devices via the ground connection or for radiation phenomena. As a matter of fact, in a PV plant, there is usually a certain distance between the PV source and the power converter and, in some cases, the common mode current path can be compatible with a multiple of the wavelengths its spectrum is composed of.
Few papers dealing with this problems are present in literature, however they describe accurately the common mode current generation. In particular in [7] phenomena and coupling mechanisms dealing with a high power grid connected plant are pointed out by means of an equivalent circuit and through measurements. [8] and [9] deal with single-phase transformerless systems in which the absence of a low frequency transformer allows a galvanic connection between the grid and the plant and the common mode current towards the grid is limited only by the EMI inverter filter. Both these papers propose a common mode equivalent model for the single-phase grid connected inverter at medium frequency range and analyse several topologies.
This paper focuses the attention on the role of parasitic components, they are mainly stray capacitances in the PV source and in the inverter, parasitic inductances in the wires connecting the inverter power devices and parasitic components inside power devices.
An accurate high frequency modelling of the plant allows the CM current to be predicted.
The paper is organized as follows: in section 2 the high frequency parasitic parameters present in a PV plant are described, section 3 is dedicated to the experimental set up used to identify the PV module parasitic parameters, section 4 contains the details of PSpice implementation of the model for simulation, finally results are given and discussed in section 5.
Photovoltaic Plant Layout
A PV plant mainly consists of a PV source composed of a series/parallel connection of PV modules and a PCU in which usually a DC/DC converter provides the MPPT and the matching of voltage between the source output and the inverter input. An inverter stage is then connected to the grid via a series inductance, a low frequency (LF) transformer and an EMI filter. The block diagram is drawn in Figure 1 . The current to be injected into the grid is given by the coupling inductance as the difference between the inverter voltage, seen as a voltage controlled source, and the grid voltage, divided by its impedance.
The transformer assures galvanic isolation between the grid and the PV plant, providing personal protection. It can be used to raise the voltage given by the inverter and to avoid direct current to be injected into the grid, which could saturate the distribution transformer. On the other hand, the LF transformer increases the weight and cost of the PV plant, for this reason, especially for low power applications and according to the Standards of some countries, it can be eliminated. This last solution is known as transformerless plant.
With reference to Figure 1 , the CM voltage at the inverter output is defined assuming as common reference the negative point of DC bus N, as:
The differential mode (DM) voltage is the output inverter voltage:
The CM current is the sum of the two line output current:
And the DM current is given by:
From Figure 1 it can be noticed that the DM current corresponds to the current injected into the grid by the inverter and the CM current is a current that finds a path through the parasitic capacitive couplings between the different parts of the PV plant and the ground connection. For this reason, it is known also as ground current. In the PV plant representation given in Figure 1 , no path for CM current exists. The possible paths are noticeable by using a high frequency modelling for the plant as that schematized in Figure 2 . These paths include stray capacitances between the PV source and the ground C pv , stray capacitances between the line output inverter and the ground C inv and stray capacitances of the EMI filter, C cm . The ground path impedance is indicated with Z gn . It can be noted that the high frequency modelling points out all possible paths for CM current. However the LF transformer, when present, exhibits a high impedance at CM current frequencies, therefore, the main path to be investigated is formed by stray capacitances between the PV source and the inverter.
PV Module Parasitic Parameters Identification
The value of parasitic capacitance between the PV source and the ground is affected by the installation characteristics; therefore, a parameter identification on the real PV source is necessary to correctly define the high frequency model.
The experimental identification has been performed here on a single module. The considered module is a monocrystalline type; its characteristic parameters are shown in Table I . It should be observed that, the modelling of a PV array can be achieved considering the actual PV modules connection or performing measurements directly on the whole installation to consider the coupling with the metallic support and the ground, for example.
The experimental set up comprises an Agilent 4285A LCR meter; it is connected between the two input terminals of the PV source and the ground.
A dedicated software, implemented by LabView on a PC, controls the RCL meter to acquire the measured impedance values from 75 kHz to 4 MHz.
The measurement arrangement scheme is shown in Figure 3 . The curve of the acquired impedance is given in Figure 4 . It should be noted that up to 500 kHz the curve shows a purely capacitive behaviour, then an inductive contribution is present. By a fitting procedure on measured data in the range 100 kHz-4 MHz, the parasitic capacitance value is calculated to be equal to 73 pF.
Performing a further measurement from 1 MHz to 7 MHz, only a parasitic inductance is individuated, whose value is about 1 µH. A small parasitic resistance due to the connection is present but it is neglected in this analysis. 
HF model Implementation
Each component of the PV plant, shown in Figure 2 , has been modelled according to the need for a high frequency analysis. The obtained complete model is then implemented in PSpice software.
A.
PV array As for the PV array, it is imposed that it should supply a voltage of about 500V to the inverter and a power of about 1 kW to the grid. In order to satisfy these requirements with modules having the characteristics given in Table I , two parallel connected strings, each formed of 24 series connected modules are needed. On the basis of this configuration of the complete array, the parasitic parameters previously determined for one module are re-calculated. From the point of view of the common mode behaviour, all parasitic capacitors and inductors are parallel connected, as a consequence, the parasitic capacitance of one module is multiplied and the parasitic inductance is divided for the number of utilized modules, respectively. The values reported in Table II are obtained. Since the proposed analysis is focused on the evaluation of the ground currents propagation, a simplified representation of the PV generator is chosen. In particular, each PV module is schematised as an ideal voltage source supplying the voltage V oc with a series resistance to account for the voltage drop in the semiconductor. Considering that the module should supply at any instant the voltage of the MPP under Standard Test Conditions, i.e., 16.8 V, the series resistance can be determined according to (5) .
For the complete PV array the value of this series resistance will be 48 Ω. The PSpice model of the PV array is a very simple circuit; it is shown in Figure 5 . 
B. Power Conversion Unit
The power conversion unit is a full-bridge single phase IGBT inverter, operating in SPWM mode with a switching frequency of 10 kHz and a modulation index of 0.8. In order to study the CM current propagation in the loop between the PV array and the inverter, a high frequency circuit model of the inverter is developed, including all the parasitic parameters. In particular the stray capacitance between the IGBT modules, the ground connected heatsink and the stray inductance of the connecting wires of each leg of the inverter have been considered. The values of the parasitic capacitances are measured by a precision RLC meter (Agilent 4285ALCR) in a frequency range between 150 kHz and 4 MHz. The value of the stray inductance of the connecting wires L inv is dependent on the converter layout and is evaluated using the analytical formula for two parallel cylindrical conductors. The PSpice model of the inverter is shown in Figure 6 . The parasitic parameters values are reported in Table III . 
B. Power Devices
As for each IGBT, it is represented in a simplified way as an ideal switch, in series with an L-R branch formed of a conduction parasitic inductance, L on , and a resistance R s that considers the commutation losses. In addition an R-C branch is connected in parallel to properly model the commutation speed of the power device. In Figure 7 the model of the single IGBT is shown. The values of the parasitic parameters of the IGBT are given in Table IV . It has been demonstrated in the case of a power drive that, for cable lengths up to 10 m, the parasitic parameters of the connecting cables do not influence significantly the CM propagation within the system at frequencies up to 10 MHz [10] . Therefore, if the inverter is supposed to be close to the PV panel, the models of cables can be neglected without affecting the validity of the analysis.
In this paper the effect of the connecting cables are not considered.
Results
On the basis of the modelling described in the previous sections, a global circuit model of the PV plant has been defined and implemented in PSpice. It is useful for the prediction of CM currents. In this model the PV plant is supposed to be grid connected through a line inductance L=6mH. The corresponding circuit scheme is depicted in Figure 7 . The grid is simply represented by a sinusoidal generator V g , a resistive load R l and on ohmic-inductive branch R g -L g accounting for the connection cables. Figure  8 shows the PSpice model of the overall grid connected plant. No parasitic couplings through ground are considered on the grid side; this case is very likely when a LF transformer is present in the plant.
The basic waveforms of the PV plant operation are obtained by simulations. In Figure 9 the voltage at the output of the inverter is shown. Figure 10 shows a zoom of this voltage, where one of the rapid transitions due to commutation is put in evidence. Figure 11 illustrates the current on inductance L, whose value guarantees that the PV plant is supplying power to the grid.
The CM voltage in a period 20 ms is given in Figure  12 ; Figure 13 shows a particular of such a CM voltage, i.e., the single pulse corresponding to a device commutation. It should be noted that, even in time domain representation, the presence of oscillations due to PWM explains the presence of high frequency voltage harmonics. These harmonics supply a loop formed by capacitors and inductors that is a resonant circuit in which the common mode current will flow. The frequency spectrum of the CM voltage is shown in Figure  14 . It presents harmonics at frequencies multiple of the switching frequency and strong resonance at about 12 MHz. Figure 15 shows the CM current in the loop between the PV array and the inverter in a period 20 ms, while Figure 16 is the zoom of a single CM current pulse. Figure 15 , it can be noted that its envelope has a period corresponding to twice the grid frequency. In Figure 16 the zoom of a single pulse highlights the absence of DC components as expected and the typical behaviour of a damped resonant circuit; the frequency of the oscillation is equal about to 80 ns. =53 ns. On this basis, one can state that the parasitics of the PV array are the parameters that mainly affect the CM current propagation. Finally, Figure 17 shows the frequency spectrum of the CM current, where the resonance at 12 MHz is present, as well. 
Conclusion
In this paper a high frequency circuit model of a PV plant has been developed to be used for CM current propagation analysis. The main parts of the plant have been modelled using a lumped parameter approach; in particular, the PV array has been modelled on the basis of experimental results obtained on a single module in a laboratory test bench. The whole PV plant model has been implemented in PSpice software and the CM currents have been obtained in simulation both in time and frequency domain.
The analysis of the results puts in evidence that the parasitic parameters of the PV generator form a resonant circuit whose frequency is present in the CM current excited by the CM voltage. It has been observed that the resonance is mainly tied to the PV source stray capacitance and cable inductance; therefore the plant layout is the main aspect to be considered when predicting the CM currents.
